Previously, we have demonstrated that human tissue kallikrein 1 (hKLK1) improves age-related erectile dysfunction (ED). Autophagy has been implicated in age-related diseases, including ED. However, the molecular mechanisms underlying hKLK1-mediated amelioration of age-related ED via regulation of autophagy remains unknown. To explore the potential mechanism, male wild-type Sprague-Dawley rats (WTR) and transgenic rats harboring human KLK1 (TGR) were bred till 4 or 18 months of age and divided into three groups: young WTR (yWTR) as the control group, aged WTR (aWTR) group, and aged TGR (aTGR) group. The erectile function of each rat was evaluated using cavernous nerve electrostimulation. The ratio of intracavernous pressure/mean arterial pressure (ICP/MAP) and total ICP were also measured. Western blotting, immunohistochemistry, and transmission electron microscopy were performed to detect the levels of autophagy. The expression levels of related signaling pathways were determined by western blotting and immunohistochemistry. We found that hKLK1 improved the impaired erectile function of aged rats. Compared to the yWTR and aTGR groups, the aWTR group showed reduced smooth muscle/collagen ratio, fewer autophagosomes, and lower expression of Beclin 1 and LC3-II, which indicate impaired smooth muscle function and low level of autophagy in the smooth muscle cells. Moreover, the PI3K/Akt/mTOR signaling pathway, which is considered to be a negative regulator of autophagy, was upregulated in the aWTR group. hKLK1 may partially restore erectile function in aged transgenic rats by upregulating protective autophagy via the PI3K/Akt/mTOR pathway. These observations indicate that hKLK1 is a potential gene therapy candidate for age-related ED.
INTRODUCTION
Erectile dysfunction (ED) is defined as the persistent inability to attain and maintain an erection sufficient to permit satisfactory sexual performance (NIH Consensus Conference, 1993) . ED is a common age-associated disease that affects the male quality of life worldwide (Lindau et al., 2007) . The prevalence rate of ED in men aged <40 years is 1-9%, whereas in men aged 40-59 years, the prevalence ranges from 2% to 9%, to as high as 20-30%. In men aged 60-69 years, ED prevalence is significantly higher (20-40%), and in men aged >70 years, more than 50% suffer from ED (Johannes et al., 2000; Hatzimouratidis, 2007) . Moreover, by the year 2025, the global prevalence rate of ED is predicted to reach 322 million cases (Ayta et al., 1999) . Aging is defined as the progressive loss of tissue and organ function over time (Childs et al., 2015) . Similar to several other age-related diseases, the relationship between aging and ED remains unclear and conventional therapy for age-related ED has low efficacy (Rendell et al., 1999) . Hence, the mechanisms of age-related ED should be extensively studied.
Various physiological or pathological changes emerge with age (Camici et al., 2015; Erd} o et al., 2017) , including cell repair dysfunction and accumulation of damaged molecules or proteins, resulting in diverse diseases, such as Alzheimer's disease, Parkinson's disease (Erd} o et al., 2017) , type II diabetes mellitus (Ryan & Jobe, 2011) , and ED (Corona et al., 2013) . Current studies show that altered autophagy, either overactivated or inhibited, is one of the most significant mechanisms underlying agerelated changes (Rubinsztein et al., 2011) .
Autophagy involves removal of damaged, degenerated, or aged proteins and organelles in cells. There are three types of autophagy: macroautophagy, microautophagy, and chaperonemediated autophagy (Rubinsztein et al., 2011) . The term 'autophagy' in this study refers to macroautophagy. Autophagy is crucial for maintaining homeostasis and normal cell function. In the initial stage of autophagy, targeted components are marked via ubiquitination and linked to the LC3 protein. The transformation of LC3-I into LC3-II via lipidation is critical for autophagosome formation. Beclin-1 is a mammalian ortholog of the yeast autophagy-related gene 6 (Atg6), which interacts with PI3 kinase (class 3, also named as Vps34), recruiting other autophagy-related proteins to form a core complex in the initiation stage. An autophagosome and a lysosome fuse together to form an autophagolysosome, the contents of which are then degraded by cathepsins (Levine & Kroemer, 2008) . Mammalian target of rapamycin (mTOR) is another important regulator of autophagy, which exists in two complexes, mTORC1 and mTORC2. mTORC1 negatively regulates autophagy, and its upstream major modulator is the PI3K/AKT signaling pathway, which exerts a positive effect on cell growth, differentiation, and survival when activated (Manning & Toker, 2017; Saxton & Sabatini, 2017) .
Tissue kallikrein 1 (KLK1), which belongs to a subgroup of serine proteinases, is an important component of the kallikreinkinin system. KLK1 participates in many physiological or pathophysiological processes by processing low molecular weight kininogen (LMWK) to release the kinin peptide. (Chao et al., 2014 ) Previously, we suggested that human KLK1 (hKLK1) may ameliorate erectile dysfunction by reducing corporal fibrosis and apoptosis via regulation of related signaling pathways (Luan et al., 2016; Cui et al., 2017) . Liu et al. demonstrated that in serum-starved SH-SY5Y cells, cell survival and b-catenin degradation were promoted by KLK1 via increase in autophagy, which was partly induced by a bradykinin B2 receptor-dependent process (Liu et al., 2016a,b) . However, whether macroautophagy plays a role in hKLK1-mediated amelioration of erectile function remains unclear.
MATERIALS AND METHODS

Source of the transgenic rat
Transgenic rats harboring hKLK1 (TGR) was a generous gift from the Max-Delbr€ uck-Center for Molecular Medicine. TGRs were produced by microinjecting a 5.6 kb length DNA fragment containing the entire hKLK1 into oocytes from Sprague-Dawley (SD) rats. The presence of the transgene in genomic DNA was verified by Southern blotting. Offspring homozygous for hKLK1 were selected for further experiments.
Experimental animals
Thirty male SD rats were used, including the 10 TGRs mentioned above and 20 wild-type SD rats (WTRs), which were obtained from the Laboratory Animal Center of Tongji Medical College, Huazhong University of Science and Technology (HUST). All the rats (weighing 180-220 g) were bred under the same conditions from 2 months of age until they were 4 months old and weighed 240-280 g or were 18 months old and weighed 450-550 g. The rats were divided into three groups (n = 10 per group): young WTRs as control group (yWTR, 4-month-old), aged WTRs (aWTR; 18-month-old), and aged TGRs (aTGR; 18-month-old). After evaluating the erectile function of each rat by cavernous neural electrical stimulation, the corpus cavernous (CC) of each rat was cut into four pieces and the piece pierced by the needle was discarded. The remaining pieces of CC were immediately frozen in liquid nitrogen and stored at À80°C or fixed in buffered formalin and embedded in paraffin for further detection.
All procedures in this study were conducted in accordance with the guidelines of the Academic Animal Care and Use Committee of Tongji Hospital, Tongji Medical College, HUST (Wuhan, China).
Verification of TGR
hKLK1 expression in CCs of rats was detected at the genomic, transcriptional, and translational levels. hKLK1 was detected in the genomic DNA extracted from frozen CCs using conventional polymerase chain reaction (PCR) and agarose gel electrophoresis. The primer sequences are listed in Table 1 . Real-time reverse transcription-PCR (RT-PCR) and western blotting analysis were used to measure the mRNA and protein expression levels of hKLK1.
Detection of erectile function
The erectile function of all rats was assessed according to our previous experimental methods (Luan et al., 2016; Cui et al., 2017) . First, rats were anesthetized by intraperitoneal injection of 40 mg/kg pentobarbital sodium. The carotid artery was cannulated using a PE-50 tube for continuous monitoring of mean arterial pressure (MAP). Next, cavernous nerves (CN) were isolated, and a 25-gauge needle was inserted into the right crura to continuously monitor intracavernous pressure (ICP). The CN was stimulated at a frequency of 15 Hz for 1 min at 2.5 V and 5 V, with a 3-min interval before the next stimulation. The ratio of the maximal ICP to MAP and the area under the ICP curve (AUC) were calculated to evaluate erectile function in vivo.
Real-time RT-PCR
The total RNA of the CC was obtained using a multisource total RNA miniprep kit (AXYGEN, Tewsbury, MA, USA) according to the manufacturer's instructions. Conventional PCR and realtime RT-PCR were conducted using the PrimeScript RT master mix and SYBR Green PCR master mix (TaKaRa, Dalian, China) as previously described (Yang et al., 2014) . The mRNA expression of certain genes relative to that of b-actin were calculated using the 2 ÀDDCt method. The primer sequences of hKLK1, rat KLK1 (rKLK1), and b-actin are shown in Table 1 .
Western blot analysis
Total protein of the CC was isolated on ice using radioimmunoprecipitation assay (RIPA) buffer (Beyotime Institute of Biotechnology, Haimen, China) containing protease inhibitor and phosphatase inhibitor cocktails. Protein samples (40 lg per lane) were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis and transferred to polyvinylidene fluoride membranes. After blocking in Tris Buffered Saline-Tween 20 (TBST) with 5% bovine serum albumin, the membranes were incubated overnight at 4°C with primary antibodies; the antibodies used are listed in Table 2 . After incubating with secondary antibodies (1 : 5000; Proteintech, Wuhan, China), the membranes were probed using an enhanced chemiluminescence kit (Millipore, Darmstadt, Germany). Results were analyzed using the IMAGE-PRO PLUS software (Media Cybernetics, Silver Spring, MD, USA).
Histological studies
Immunohistochemistry
The locations and expression levels of mTOR and Beclin1 were detected by immunohistochemistry of the CC sections (5-lm thickness). The sections were incubated overnight at 4°C with primary antibodies against mTOR, p-mTOR, and Beclin1. The antibodies used are listed in Table 2 . After being washed thrice, the sections were incubated with a biotinylated secondary antibody. Finally, antigen-antibody reactions were developed using diaminobenzidine.
Masson's trichrome staining
Rat CC samples were cut in a transverse direction (5-lm thickness). Smooth muscle and collagen contents in the CC were quantitatively analyzed using Masson trichrome staining and the sections were imaged under 9100 and 9200 magnifications using the IMAGE-PRO PLUS software (Media Cybernetics) in five random sections per group.
Transmission electron microscopy and autophagosome visualization
The CC samples were rapidly isolated and fixed in ice-cold glutaraldehyde for 2 h. The samples were post-fixed in osmium tetroxide and then embedded in Epon, cut into thin sections (0.1-mm thick), stained with uranyl acetate/lead citrate, and viewed using a HT7700 transmission electron microscopy (HITACHI, Tokyo, Japan). For each specimen, 6-8 cavernous smooth muscle cells (CSMCs) were randomly selected, and the numbers of autophagosomes per cell from each group were counted, analyzed, and compared.
Statistical analysis
Results are presented as mean AE standard deviation and analyzed using GRAPHPAD PRISM 6.0 (GraphPad Software, San Diego, CA, USA). One-way analysis of variance (ANOVA), followed by the Tukey-Kramer test for post hoc comparisons was performed to analyze the differences between any two groups and p values < 0.05 were considered to indicate statistically significantly differences.
RESULTS
Verification of hKLK1 in TGR
hKLK1 expression was detected in the penile tissues of rats at DNA, RNA, and protein levels. Only rats in the aTGR group contained the hKLK1 DNA fragments, which were transcribed and translated into hKLK1 mRNA and protein, respectively. Moreover, we also observed that rKLK1 expression was lower in the aTGR and aWTR groups than in the yWTR group (all p < 0.05; Fig. 1 ). No differences were observed between the aTGR and aWTR groups.
hKLK1 ameliorates erectile function CN electrical stimulation was administered to evaluate the erectile function of rats. We measured the Max ICP/MAP and AUC at 2.5 and 5 V. The ratio of Max ICP/MAP in the aWTR group was sharply attenuated compared to the yWTR group (p < 0.05). However, erectile function was partially improved in the aTGR group, although it was still lower than that in the yWTR group (p < 0.05). The AUC at 2.5 and 5 V in all three groups exhibited the same trend as that of Max ICP/MAP (Fig. 2) . Together, these results suggested that hKLK1 might play a preventative role with respect to age-related ED in rats.
Expression levels of the PI3K/AKT/mTOR signaling pathway in rat CC
Western blotting analysis showed that the expression levels of p-PI3K, p-AKT, and p-mTOR in the aWTR group were significantly higher than those in the yWTR and aTGR groups (all p < 0.05), whereas the expression levels of PI3K, AKT, and mTOR were similar between the three groups (p > 0.05). Moreover, immunohistochemical analysis of p-mTOR in penile tissue showed similar results (Fig. 3) . The regulation network between KSS and autophagy is complicated (Fig. S1 ), additionally we detected the levels of SIRT1 and apoptosis ( Fig. S2 & S3) . 
Expression of autophagy-related proteins
Immunohistochemistry and western blotting analysis showed that the expression levels of Beclin 1, LC3-I, and LC3-II were significantly lower in the aWTR group than in the yWTR and aTGR groups. In addition, the relative ratio of LC3-II to LC3-I was also lower in the aWTR group than in the other two groups (all p < 0.05; Fig. 4) . No significant differences of the expression levels of Beclin1 and LC3-I/II between yWTR group and young transgenic group (yTGR) were detected (Fig. S4 ).
Masson's trichrome staining of penile tissues and autophagosomes in CSMCs
Masson's trichrome staining showed that the area ratio of smooth muscle cells (SMC; Red) to collagen (Blue) was lower in the CC of rats in the aWTR group than in the yWTR group. Furthermore, the aTGR group containing hKLK1 partially diminished the histological changes in the CC of rats. In addition to the changes in Masson's trichrome staining, the number of autophagosomes decreased significantly in the CSMCs of the aWTR group (both p < 0.05; Fig. 5 ).
DISCUSSION
We have previously shown that hKLK1 can improve erectile function by activating NO/cGMP and inhibiting corporal fibrosis (Luan et al., 2016; Cui et al., 2017) . In this study, we demonstrated that hKLK1 may play an ameliorative role in age-related ED using a transgenic rat model. Our observations suggest that hKLK1 partially restores erectile function of aged rats by 
the corpus cavernosum of the three groups. (D) The relative rKLK1 and hKLK1 expression (with respect to the b-actin loading control) in the corpus cavernosum of the three groups are presented as bar graphs. Data are expressed as mean AE SD (n = 6 rats per group). *, # p < 0.05 when comparing yWTR group. &p < 0.05 when comparing aWTR group. PCR: polymerase chain reaction; RT-PCR: reverse transcription polymerase chain reaction; yWTR: young wild-type rats; aTGR: aged transgenic rats; aWTR: aged wild-type rats; hKLK1: human tissue kallikrein 1; rKLK1: rat tissue kallikrein 1. Figure 2 Erectile function of all rats was measured using electric stimulation of the cavernous nerves. Representative ICP tracings were measured using stimulations at 2.5 V and 5 V (A) for 1 min each. The max ICP/MAP ratio and total ICP of the different stimulations were presented as bar graphs (B) for max ICP/MAP and (C) for total ICP (AUC). Data are expressed as mean AE SD (n = 10 rats per group). *, # p < 0.05 when comparing yWTR group. &p < 0.05 when comparing aWTR group. ICP: intracavernous pressure; MAP: mean arterial pressure; AUC: area under the curve; SD: standard deviation. Scale bars = 1 min.
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HUMAN TISSUE KALLIKREIN 1 AND ERECTILE FUNCTION enhancing autophagy levels, which is reflected by augmented LC3 transformation, Beclin1 expression, and increase in the number of autophagosomes. Furthermore, the process was negatively regulated by the novel PI3K/AKT/mTOR signaling pathway. Penile erection is a complicated process involving arterial dilation, relaxation of the cavernous smooth muscle, and venoocclusive activation (Gratzke et al., 2010) . Erectile function is dependent on normal structure and function of penile components, such as blood vessels, smooth muscle, and nerves. Factors that impair erection or disrupt normal penile components may lead to ED. Morphological and physiological mechanisms play a key role in the occurrence and development of age-related ED (Echeverri et al., 2016) . Of all of the processes involved, the normal function of cavernous smooth muscle relaxation is crucial for penile erection. However, as men age, an aging-dependent decrease in function occurs in the cavernous smooth muscle. Decreased levels of testosterone, oxidative stress, fibrosis, and apoptosis of cavernous smooth muscle are also major causes of age-related ED (Bivalacqua et al., 2003; Ferrini et al., 2017) .
Autophagy plays a key role in maintaining homeostasis by delivering impaired molecules, cellular debris, and organelles to the lysosomes for degradation, which is considered to be an anti-aging process (Levine & Kroemer, 2008; Rubinsztein et al., 2011) . Recently, an increasing number of studies have investigated the relationship between autophagy and age-related diseases and lifespan. Autophagy-related disorders result in various age-related diseases such as cancer, neurodegenerative diseases, and cardiac diseases (Rubinsztein et al., 2011; He et al., 2013) . Autophagy diminishes with aging, as is evident from the reduction in expression of ATG proteins, proteins required for autophagy induction, such as Sirtuin 1, and markers of autophagy levels, such as Beclin 1 and LC3 in aged tissues (He et al., 2013) . Reduced autophagy leads to accumulation of damage, such as protein aggregates and mitochondria degeneration, thereby resulting in age-related diseases. In contrast, increased autophagy may be helpful for delaying senility and extending life span (Rubinsztein et al., 2011) . Autophagy also plays a significant role in age-related ED. Zhang et al. have demonstrated that aging critically affects erectile function and structure of penile tissues in rats, and reduces levels of telomerase and tankyrase 1 (Zhang et al., 2010) . Moreover, autophagosome number is remarkably reduced in the CSMCs of aging rats. In addition, tankyrase 1 might induce autophagy by regulating the mTOR signaling Figure 3 Immunohistochemistry and western blotting analysis of the PI3K/AKT/mTOR pathway. Expression levels of mTOR (A) and p-mTOR (B) in rat cavernous were assessed using immunohistochemistry and photographed at 9100 and 9200 magnification. (C) Representative western blotting results of PI3K, AKT, mTOR, p-PI3K, p-AKT, p-mTOR, and b-actin in the corpus cavernosum of the three groups. (D) The expression levels of PI3K, AKT, mTOR, p-PI3K, p-AKT, p-mTOR, with b-actin as the loading control, in the corpus cavernosum of the three groups are presented as bar graphs. Data are expressed as mean AE SD (n = 6-8 rats per group). *, # p < 0.05 when comparing yWTR group. &p < 0.05 when comparing aWTR group. PI3K: phosphoinositide 3-kinase; AKT: protein kinase B; mTOR: mammalian target of rapamycin; p-PI3K: phospho-PI3K (Tyr458); p-AKT: phospho-AKT(Ser473); p-mTOR: phospho-mTOR (Ser2448). [Colour figure can be viewed at wileyonlinelibrary.com] 770 Andrology, 2018, 6, 766-774 pathway to promote cell proliferation. Zhang et al. (2013a, b) showed that long-term 5a-reductase inhibitor treatment attenuates the erectile function of aged rats, and the underlying mechanisms may be related to decreased levels of autophagy and increased rate of apoptosis in CSMCs. Autophagy has also been implicated in other animal models of ED. Wang et al. showed that castration leads to ED and induced CC fibrosis by suppressing autophagy and enhancing apoptosis in rats CSMCs (Wang et al., 2015) . Li et al. demonstrated that autophagy is inhibited in a hyperlipidemia rat ED model, which was considered to be part of the pathogenic mechanism (Li et al., 2017) . In contrast, in the diabetic rat ED model, autophagy was overactivated, and icarisid II improved erectile function partially by reducing autophagy levels (Zhang et al., 2013a,b) . mTOR is a serine/threonine protein kinase of the phosphatidylinositol 3-kinase(PI3K)-related kinase family. It binds with other proteins to form two different complexes: complex 1 (mTORC1) and 2 (mTORC2) (Saxton & Sabatini, 2017) . The two complexes differ in their sensitivity to rapamycin, a selective inhibitor of mTOR; mTORC1 is sensitive, whereas mTORC2 is not. mTOR participates in many signaling pathways regulating cell function, and is a key molecule of autophagy. mTORC1 is a major negative modulator, activation of which leads to reduction in autophagy. Rapamycin is used to induce autophagy as it can strongly inhibit mTORC1. The PI3K and AKT kinase signaling pathway are the major regulators of mTORC1 (Manning & Toker, 2017) . Activation of the PI3K/AKT signaling pathway inhibits the action of tuberous sclerosis complex (TSC) by phosphorylating TSC2, which activates mTOR (Inoki et al., 2002) . Many studies have reported that Akt levels are upregulated in the tissues of aged animals, such as rat kidneys (Kim et al., 2008) , hypothalamus (Janner et al., 2010) , and soleus muscles (Wu et al., 2009) . Miyauchi et al. (2004) have demonstrated that the activity of Akt increases along with the aging process of cells, and that Akt inhibition extends the longevity of primary endothelial cells (Miyauchi et al., 2004) . Further, Zhang et al. demonstrated that P70S6K, a downstream target of mTOR, is strongly inhibited and autophagy is overactivated in a diabetic ED rat model, indicating that mTOR may be one of the regulators of ED (Zhang et al., 2013a, b) . Taken together, we concluded that the PI3K/AKT signaling pathway is upregulated with aging, which increases mTOR activity and inhibits autophagy.
KLK1 is a member of a subgroup of serine proteinases. It participates in many physiological and pathophysiological processes by cleaving LMWK into kinin peptides, and exerts functions via two types of kinin receptors: the bradykinin B1 receptor (B1R) and the Figure 4 Immunohistochemistry and western blotting analysis of the levels of autophagy. (A) BECN1 expression was assessed using immunohistochemistry and photographed at 9100 and 9200 magnifications. (B) Representative western blotting results of BECN1, LC3-I, LC3-II, and b-actin in the corpus cavernosum of the three groups. Expression levels of BECN1 (C) and LC3-II (D), with b-actin as the loading control, in the corpus cavernosum of the three groups are presented as bar graphs. (E) Relative protein expression ratios of LC3-II/ LC3-I are presented as bar graphs. Data are expressed as mean AE SD (n = 6-8 rats per group). *, # p < 0.05 when comparing yWTR group. &p < 0.05 when comparing aWTR group. BECN1: beclin-1; LC3: autophagy marker light chain 3. [Colour figure can be viewed at wileyonlinelibrary.com] bradykinin B2 receptor (B2R). In previous studies, hKLK1 showed protective effects through B2R by reducing cardiac and renal injuries (Hirawa et al., 1999; Yin et al., 2005) , ischemic stroke (Yin et al., 2007) , reducing blood pressure (Silva et al., 2000) , and improving symptoms of type II diabetic mellitus (Kolodka et al., 2014) . Liu et al. showed that KLK1 protects SH-SY5Y neuronal cells by inducing protective autophagy under serum starvation or oxygen and glucose deprivation stress, which may involve downregulation of b-catenin and activation of MEK1/2/ERK1/2 and AMPK/TSC2/mTOR pathways (Liu et al., 2016a,b) .
Although we observed low expression levels of p-PI3K and pAkt in the aTGR group, previous studies have demonstrated that KLK1 transactivates the PI3K/Akt signaling pathways (Liu et al., 2016a,b) , suggesting that there might be a different mechanism of regulation between the delivered hKLK1 and the Akt signaling pathway in the transgenic animal, in which oxidative stress might play a significant role. Kinins contribute to the reduction of oxidative stress by increasing the synthesis of nitric oxide (NO) and prostaglandin (PGs) (Kayashima et al., 2012) . Several studies have established that oxidative stress plays an important role in the pathophysiological process of erectile dysfunction, and previously we showed that the levels oxidative stress in aged rats were significantly higher than in young rats (Yang et al., 2018) . Increasing oxidative stress may drive the PI3K/AKT/ mTOR signaling pathway, resulting in the activation of mTOR. In addition to the PI3K/AKT signaling pathway, tissue kallikrein can also upregulate mTOR via activation of AMPK through B2R. mTOR activation inhibits autophagy and reduces sirtuin-1 (SIRT1) activity, both of which accelerate the ageing process (Kayashima et al., 2012; Barnes, 2015; Liu et al., 2016a,b) . Erectile dysfunction is one of the manifestations of ageing.
In this study, we explored the relationship between hKLK1, autophagy, and age-related ED using a transgenic rat model. We verified that only the transgenic rats contained and expressed hKLK1 in the CC, whereas all rats were confirmed to contain and express rKLK1. Interestingly, both the aTGR and aWTR groups showed a significantly lower expression level of rKLK1 compared to the yWTR group. Together with our previous results, these findings indicate that rKLK1 expression is age-dependent, and the reduced levels of rKLK1 might partially explain the impaired erectile function in aged rats. We observed that the erectile function of rats in the aWTR group was significantly lower than that in the yWTR group. hKLK1 restored erectile function in the aWTR group, which indicates that hKLK1 protects erectile function in aged rats. Moreover, reduction in autophagy is important for aged-related ED; the aWTR group had reduced expression levels of BECN 1 and LC3-II, and low smooth muscle/collagen ratio and autophagosome number. The alterations in p-PI3K, p-AKT, and p-mTOR levels suggest that hKLK1 induces autophagy by inhibiting the PI3K/AKT/mTOR signaling pathway, leading to protection of erectile function.
Our study is limited by the lack of in vitro cell-based experiments, which would offer more evidence regarding the mechanism via which hKLK1 enhances autophagy. In addition, inhibitors of the PI3K/AKT/mTOR signaling pathway were not used to further explore potential mechanisms. Moreover, young transgenic groups should be added in future investigations. Therefore, future studies should explore the effect of hKLK1 in vitro and extensively analyze the differences between young and aged transgenic rats for determining how hKLK1 regulates autophagy and alters related signaling pathways. Finally, additional investigations are required to clarify the relationship between autophagy and ED.
CONCLUSION
hKLK1 expression improves erectile function of aged rats and exerts protective effect by upregulating autophagy levels. The PI3K/AKT/mTOR signaling pathway is one of the core modulators of hKLK1 and autophagy, suggesting that these factors might be potential targets for the treatment of age-related ED. The results of this study, combined with those of our previous study, suggest that hKLK1 may be a target for a new potential therapy for ED in animals and humans.
by inhibiting autophagy and promoting apoptosis of smooth muscle cells in corpus cavernosum of aged rats. Urology 82, 743. e9-e15.
SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of this article: Figure S1 . The regulation network of KKS and Autophagy. Kinins are produced by the proteolytic cleavage of kininogens under the effect of tissue kallikreins and other serine proteases. Kinins generate physiological effect via two types of kinin receptors: the bradykinin B1 receptor and the bradykinin B2 receptor, thus contributing to the reduction of oxidative stress via increasing the synthesis of nitric oxide and prostaglandin. Reactive oxygen species were the key parts of oxidative stress. Increasing oxidative stress could drive the PI3K/AKT/mTOR signaling pathway, resulting in the activation of mTOR. Except for the PI3K/AKT signaling pathway, tissue kallikrein could also up-regulate mTOR via activation of AMPK through B2R. The activation of mTOR thus inhibits autophagy and reduces sirtuin-1 activity, both of which accelerate the ageing process. B1R: bradykinin B1 receptor; B2R: bradykinin B2 receptor; NO: nitric oxide; PGs: prostaglandin; AMPK: Adenosine 5 0 -monophosphate (AMP)-activated protein kinase; TSC2: Tuberous sclerosis complex 2; ULK1: Unc-51 like autophagy activating kinase; SIRT1: sirtuin-1. (n = 6-8 rats per group). No significant differences were detected (All P > 0.05). BECN1: beclin-1; LC3: autophagy marker light chain 3.
